We describe a miniaturized antenna design for retinal prosthesis applications that enhances data transfer between the implant and external camera. The circularly polarized and conformal 2.4-2.48 GHz microstrip patch antenna was simulated inside the vitreous humor and is intended for biomedical applications. Modified Hilbert and serpentine geometries were used for the proposed implant antenna design. Capacitive radiator loading offered miniaturized dimensions of 5.8 × 6.5 × 2 mm 3 (width × height × thickness mm 3 ) . A truncated design enhanced the intrinsic circular polarization characteristics to > 3 dB axial ratio. Polydimethylsiloxane substrate and superstrate materials were used to achieve an S 11 value below -15 dB across the frequency range with biocompatible characteristics. The simulated peak gains for left-hand circular polarization and right-hand circular polarization at 2.45 GHz were -50 dBi and -60 dBi, respectively. These relatively small values were due to the high conductivity of the vitreous humor ( σ = 1.53 S/m), which imposed significant losses. Overall, the proposed antenna had an omnidirectional radiation pattern and + 8.45 dBm input to meet the specific absorption rate regulation limit.
Introduction
Implant antennas concerned with wireless telemetry monitoring of health conditions continue to attract interest [1] . One example is age-related macular degeneration (AMD), a genetic syndrome that causes loss of central vision [2] . This results in reading and face recognition difficulties. Late-stage forms of the disease even cause blindness among elderly individuals [3] . AMD is estimated to increase by 50% in 2020. Retinitis pigmentosa (RP) is another group of hereditary diseases of the eye that can also lead to eventual blindness. In 2013, the Committee for Orphan Medicinal Products noted that RP affected fewer than 3.7 in 10,000 people in the European Union. Although this is equivalent to 188,000 people, no satisfactory methods are authorized in the European Union for treating RP [4] . For instance, approximately 20,000 people have been diagnosed with RP, also known as night blindness, in Turkey [5] .
A retinal prosthesis system (RPS) to mitigate the effects of AMD and RP diseases is therefore worth investigation. The Argus II project is a well-known RPS that provides electrical stimulation of the retina to induce visual perception in blind individuals [6] . The block diagram of the system is illustrated in Figure 1 , which appears courtesy of Prof Dr Mark S Humayun and Second Sight Medical Products. As shown in Figure 1 , a miniaturized external video camera is placed on the spectacles to capture images. Then the recorded video is transmitted to a small on-body computer. The video is processed here according to predetermined transformation instructions and sent back to the spectacles via a cable. After that, the processed signals are transmitted to an implant antenna in a wireless medium placed in the RPS inside the eye. These received signals are transferred to the electrode array, which emits small pulses of electricity. These pulses stimulate the retina's healthy cells while avoiding the damaged photoreceptors. This could enhance the transmission of visual information along the optic nerve to the brain in order to create the perception of patterns of light [6] . The Argus II retinal prosthesis system is marked for "European Conformity" (Conformité Européene -CE) and has been available in the European Economic Area since 2011. In addition, the system is accepted as a humanitarian device with authorization by the Food and Drug Administration of the United States [6] . The Argus II RPS has been implanted in patients from various countries who have totally lost their central vision [5, 6] .
Here, we focus solely on the design and characterization of an intraocular antenna. Compared to wellknown antenna design techniques, implantable antennas have some unique challenges in antenna miniaturization, impedance matching, bandwidth, multiband operation low-power requirements (specific absorption rate (SAR) limitation), and biocompatibility [7] . These features must be optimized in order to achieve acceptable performance, considering that the detuning effects inside the human body may have a considerable impact on the antenna response. Previous studies have shown that both antenna gain and efficiency decrease due to the high dielectric loss of the human body [8] . The medical implant communications service (MICS) band (402-405 MHz) and the industrial, scientific, and medical (ISM) bands (915, 2450, and 5800 MHz) are usually preferred for wireless health monitoring systems [8, 9] . Consequently, many simulations and experiments have investigated tissue-equivalent liquids [7] , mimicking gels [10] , and animals [11] .
Design methodology
The flowchart of the simulated antenna design methodology is depicted in Figure 2 . The first objective (Step 1) was to initialize the antenna design parameters for the human eyeball model (vitreous humor as the surrounding material) with a diameter of 24 mm and check for the return loss (S 11 ) values. Hilbert fractal geometry and serpentine radiator geometry are applied and modified as design parameters with capacitive loading techniques in order to achieve the desired resonance characteristics, with optimal S 11 results, for the ISM bandwidth (2.4-2.48 GHz). Human tissues, including vitreous liquid, are conductive and could short-circuit the antenna during direct contact with the metal part of the implant. Design parameters for Hilbert fractal and serpentine radiator geometries are modified to achieve this. The second objective (Step 2) was to achieve CP with reduced multipath and improved bit error rate characteristics. In order to achieve CP, the four edges of the radiating patch are removed as design modifications. PDMS substrate and superstrate material (ε r = 2.68; tan δ = 0.04) are considered to achieve biocompatible and conformal characteristics [24] . The third objective (Step 3) was to consider and study different dielectric substrates as design modifications to understand their effect on implant antenna performance. Then a superstrate dielectric layer is introduced to achieve biocompatibility. It has been a challenging research objective to insulate the antenna implant with a thin layer of low-loss biocompatible coating. There are some well-known materials that could be used for this approach, such as Teflon (ε r = 2.1; tan δ = 0.001), MACOR ( ε r = 6.1; tan δ = 0.005), ceramic alumina (ε r = 9.4; tan δ = 0.006), polyether ether ketone (PEEK) ( ε r = 3.2; tan δ = 0.0076), and zirconia ( ε r = 29; tan δ = 0.001) [1] . As a final objective (Step 4), the thickness of the superstrate was optimized as a design parameter, since its value enhances the ease of inserting an implant inside human tissue and has a significant impact for decreasing power loss. 
Proposed antenna geometry parameterization
The proposed implant antenna consists of three layers: layer 1 is a ground plane and layer 2 is radiating elements. Finally, layer 3 is a superstrate plane to achieve biocompatibility. The first, second, and final step modifications of the proposed patch geometry are shown in Figures 3a-3c , respectively. It was designed on a PDMS substrate with ε r of 2.68 and tan δ of 0.04. The position of the feed is centered on the xy-axis. Two major design guidelines, Hilbert fractal geometry and serpentine geometry, were applied to achieve the proposed antenna's radiating element geometry. The initial shape was a square since it is easy to modify and is centrosymmetric on (0, 0). A first modification was to insert the Hilbert fractal geometry that was applied to the (-2.9, -2.75) and (2.9, 2.75) regions. The Hilbert generation process has been considered in previous research [23] and was spread through 2/3 of the lateral edges and connected. Finally, the long strips were removed to enhance longer electrical length, as seen in Figure 3a . As the second modification, serpentine geometry (slits) were applied and slits were removed just under the top edges of Hilbert geometries on the patch in order to increase the capacitive nature of the design, as depicted in Figure 3b . For the final modification, the proposed antenna geometry was truncated, as shown in Figure 3c , in order to achieve a CP antenna with approximately zero AR value. Sections protruded from the four corners of the radiating patch with the same dimensions of dx × dy to split the fundamental resonant TM 11 mode into two near-degenerate orthogonal modes with equal amplitudes and 90
• phase difference. Therefore, the electrical length had to be increased while maintaining the spatial dimension. The increased capacitive loading was also used to reduce the AR as much as possible, to <3 dB. In addition, the antenna does not have any sharp edges that could cause any harm to the human eye. Final antenna geometry parametrization is summarized in Table 1 . With the applied capacitive loading, patch size was reduced with a fixed operation frequency of 2.4 GHz. Slots from x a to x i are optimized to lower the resonant frequency while increasing the length of current path. The truncated section parameter Y is 1.8 mm and it is the maximum removal that can be achieved for the proposed antenna. The antenna was developed as an implant, so it should evaluated in an environment that is similar to the human eye. Therefore, the proposed implant antenna was placed inside vitreous humor liquid, as shown in Figure 4b . The vitreous humor sphere is modeled on the size of the human eyeball, which has a radius of 12.5 mm, and the antenna is embedded at the center of the sphere. It has high dielectric constant and conductivity characteristics at 2.4 GHz (? r = 68.21, σ = 1.53 S/m, and tan δ = 0.27) [13] . The superstrate material PDMS performs better due to the lower conductivity of the PDMS relative to the higher conductivity of vitreous humor. A probe feed application is considered due to its simplicity for future measurement techniques. All design parameters, including the location of the probe feed, were carefully adjusted for 50 Ω impedance matching.
Simulation results
Finite element methods were used to analyze the proposed antenna with commercially available full-wave 3D Ansoft HFSS software, with the design consideration set to the boundary considerations of the human biological system. First, a radiating patch was simulated on PDMS substrate with a thickness of 1.5 mm, ε r of 2.68, and tan δ of 0.04. Low-permittivity dielectric substrate was considered for the proposed implantable patch antennas to achieve better conductivity due to the higher permittivity of vitreous humor, resulting in lower resonant frequencies with good transmission characteristics. PDMS superstrate was also used as a superstrate material for the proposed implant design. Figure 5a depicts the simulation analysis of the effects of the first, second, and final design modifications, as seen in Figure 3 , on the antenna performance by monitoring simulated S 11 variations over the ISM bandwidth (2.4-2.48 GHz). In addition, different antenna modifications' effects on CP property performance were also simulated, as illustrated in Figure 5b . As seen in Figure 5a , the second design modification has the best (S 11 ≤ −20 dB) results over the ISM bandwidth. This was expected, since the serpentine radiator leads to a further increment of the electrical length of the antenna, which raises the input resistance of the antenna. This modification also gives the surface current a larger path, which also increases the input resistance for the antenna on the proposed bandwidth range. With the truncated design, return loss is decreased to -14 dB, since the current path is decreased with the removal of edges. According to Figure 5b , the truncated design yields the lowest AR values (better than 2 dB) by removing the edges, as seen in Figure 3c . This would lead to near-degenerate orthogonal modes with equal amplitudes and 90
• phase difference. For higher values of the truncated section parameter Y, better CP transmission characteristics can be achieved, as seen in Figure 5b . Therefore, the maximum value (1.8 mm) was used for all simulation results. In addition to PDMS, a polymer (PEEK), Teflon, and three ceramics (alumina, MACOR, and zirconia) were considered for the proposed implant antenna that is designed for biomedical monitoring systems. Figure 6 depicts a simulation analysis of how different substrate and superstrate materials affect the antenna performance by monitoring simulated S 11 variations over the ISM bandwidth (2.4-2.48 GHz). The thickness of the proposed combinations is 0.5 mm. As seen in Figure 6 , the PDMS superstrate material yields satisfactory results (S 11 ≤ −10 dB) over the ISM bandwidth (2.4-2.48 GHz). This is an expected characteristic, since materials with higher permittivity result in lower resonant frequency because the effective wavelength is shorter. For instance, the proposed antenna operates between 1.9 and 2.2 GHz with the zirconia superstrate (ε r = 29) and between 2.3 and 3 GHz with the Teflon superstrate. The proposed antenna operating frequency ranges and performances with different superstrate materials are summarized in Table 2 . In accordance, the PDMS superstrate material is used for all simulation analysis. It was shown in [12] that increments in superstrate thickness would result in better S 11 characteristics. Figure 7 depicts the simulation analysis for the proposed antenna with different superstrate thicknesses over the ISM bandwidth in order to achieve acceptable AR values. On the other hand, the eyeball has a typical diameter of 24 mm and space limitation is an important aspect for this reason. In addition, it was also realized from [21] that thinner superstrate materials would have fewer frequency shifts. It can be seen from Figure 7 that for a thickness of 0.5 mm, the AR bandwidth covers from 2.4 to 2.48 GHz for AR of < 3 dB. Therefore, a superstrate thickness of 0.5 mm was considered for the rest of the simulation analysis and good polarization purity was achieved. The voltage standing wave ratio of the proposed antenna over the ISM bandwidth was less than 1.5. These results prove good matching characteristics and correlate with the return loss measurements.
The plot of real and imaginary parts of the input impedance versus frequency of the proposed antenna for the ISM band is depicted in Figure 8 . The imaginary part is close to zero (approximately 2) and the real part is approximately 50 Ω . It can be stated that the antenna is fairly well matched to 50 Ω and has stable characteristics. Simulated two-dimensional radiation and gain patterns of the proposed antenna in vitreous Figures 9a and 9b , respectively, for both left-hand circular polarization (LHCP) and right-hand circular polarization (RHCP). As seen in Figure 9a , the simulated peak gains for LHCP and RHCP at 2.45 GHz are -50 dBi and -60 dBi, respectively. It can be stated that the main polarization of this proposed antenna is LHCP. The implant antenna gain is negative because the antenna is embedded into vitreous humor, which has high conductivity (σ = 
Here, α is the attenuation constant (Np/m), µ is permeability (H/m), ε is permittivity (F/m), and σ is conductivity (S/m). It could be stated from Eq. (1) that a higher dielectric constant and/or higher conductivity would result in higher attenuation constant, which explains the lower gain characteristics when the vitreous humor was implemented. It was shown in previous studies that the superstrate layer is advantageous in terms of antenna gain [20] . It can be observed from Figure 9b that the antenna can give omnidirectional characteristics for both LHCP and RHCP with stable radiation patterns. Therefore, transmission does not require accurate orientation alignment. The SAR values were produced under a 1 W input power condition. Therefore, to adhere to the SAR regulation limit of 1.6 W/kg, the incident power should not exceed 7 mW. The electromagnetic energy profile is illustrated in Figure 10 . 
Conclusion
This paper presents a miniaturized implantable CP microstrip patch antenna created using modified Hilbert and serpentine geometries for retinal prosthesis systems. The result is an ISM band (2.4-2.48 GHz) implantable antenna. Core fractal properties of the Hilbert curve, such as space-filling and self-similarity, ensure miniaturized 5.8 × 6.5 × 2 mm 3 (width × height × thickness mm 3 ) characteristics. Based on this research, several simulations were performed. First, the proposed antenna was simulated inside vitreous humor liquid. In addition to the modified fractal geometries, a capacitive loading technique was applied to the radiating patch to achieve better impedance matching and better performance characteristics on the desired resonance frequencies. Second, the truncated design was utilized by removing the edges of the patch to realize a CP implantable patch antenna with an AR better than 3 dB. Third, various superstrate materials were considered and simulated to achieve biocompatibility. It was realized that materials with higher permittivity result in lower resonant frequency because the effective wavelength is shorter. In accordance, PDMS substrate and superstrate materials were used for the antenna design in order achieve operation in the desired frequency range and conformity with better antenna characteristics (S 11 below -15 dB) over the ISM bandwidth. Finally, superstrate thickness was considered and it was realized that an increment in superstrate thickness would result in better S 11 characteristics. However, a thickness of 0.5 mm was applied, since the implant would be embedded inside the eye for retinal prosthesis systems. A coaxial probe was used as a feeding line for the further experimental analysis. Stable and omnidirectional performance was obtained for the radiation patterns over the full-band ISM bandwidth. The simulated peak gains for LHCP and RHCP at 2.45 GHz were -50 dBi and -60 dBi, respectively. The implant antenna yielded small gain values due to the high conductivity characteristic of the vitreous humor (σ = 1.53 S/m), which causes losses in the propagating signals. In addition, the SAR distribution patterns were presented and it was realized that the incident power should not exceed 7 mW. The proposed implant antenna shows promising simulation results in vitreous humor and can be used for retinal prosthesis systems.
